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The activation energy for the unimolecular dissociation of a non-covalent supramolecular
complex between an Artificial Cationic Receptor A ([Gua-Val-Val-Val-Amide], in which Gua
is guanidiniocarbonyl pyrrole) and an Anionic Tetrapeptide B ([N-Acetyl-Val-Val-Ile-Ala])
has been determined by measurement of the dissociation rate constant as a function of infrared
CO2 laser power density. Singly-charged quasimolecular [A  B  H]
 ions are isolated,
stored in a Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer, and
irradiated by IR photons. The rate constant for dissociation of the non-covalent complex is
determined at five different laser power densities. A plot of the natural logarithm of the
first-order rate constant versus the natural logarithm of the laser power density yields a
straight line, the slope of which provides an approximate measure of the activation energy
(Ea
laser) for dissociation. Ea
laser is calculated by a relationship derived earlier by Dunbar and with
a newly proposed equation by Paech et al. The results of the two approaches deliver
significantly different activation energy values for the unimolecular dissociation of the
non-covalent complex. We obtain EaI
laser 0.67 eV (Dunbar approximation) and EaII
laser 1.12 eV
(Paech et al. approximation). Differences between the two approaches are discussed with
respect to non-covalent complexes. (J Am Soc Mass Spectrom 2003, 14, 1282–1289) © 2003
American Society for Mass Spectrometry
Electrospray ionization (ESI) mass spectrometry,introduced by John Fenn and recognized by theNobel prize in Chemistry in 2002 [1], enabled the
rapidly growing contribution of mass spectrometry to
the analysis of biomolecules and supramolecular com-
plexes. ESI is an exceptionally soft ionization technique,
in which even weakly bound macromolecular non-
covalent complexes of proteins or nucleotides can be
transferred intact into the gas phase [2–4]. Therefore,
ESI MS has become a powerful method for measuring
the stoichiometry, structure, and composition of such
systems [5–12]. Furthermore, new developments in
gas-phase ion dissociation techniques offer the potential
to characterize quantitatively the fragmentation kinetics
and energetics of non-covalent complexes [13–17]. Be-
cause these gas-phase measurements necessarily take
place in the absence of solvent, comparison to data
obtained in solution (e.g., by NMR techniques [18–20])
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elucidates the influence of solvent molecules on the
stability and structure of supramolecular complexes.
We have developed artificial receptors for the selec-
tive binding of small peptides [21–25]. The molecular
recognition of peptide substrates plays an enormous role
in a variety of biological processes, ranging from enzyme
and hormone activity to the regulation of cell growth and
immune response to some of today’s most devastating
diseases, such as Creutzfeldt-Jacob or Alzheimer (AD)
[26–29]. Specific receptors that are capable of selectively
binding such peptides can be used not only to better
understand and study the molecular basis of these recog-
nition events, but also to target the underlying cellular
processes and the discovery of new therapeutics.
We have recently developed a new class of one-armed
cationic peptide receptors, denoted A (see Figure 1), that
are capable of binding a model tetrapeptide (N-acetyl-Val-
Val-Ile-Ala, denoted B) corresponding to the C-terminal
sequence of the amyloid-peptide responsible for the for-
mation of senile plaques found within the brains of AD
patients [30]. Even in highly polar solvents (e.g., metha-
nol) these receptors bind the tetrapeptide through a com-
bination of hydrophobic and electrostatic interactions
with association constants greater than 104 M1. To inves-
tigate the influence of the solvent on the stability of these
complexes, we also seek to determine their stability in the
gas phase by means of ion dissociation techniques.
Threshold collision-induced dissociation measure-
ments in guided ion beam mass spectrometers [31] and
unimolecular dissociation techniques [13–17, 32, 33]
conducted with trapped ions in a Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometer [34],
are the methods of choice for the determination of the
binding energy in non-covalent complexes. The method
of heating ions by blackbody irradiation leading to
unimolecular dissociation, blackbody infrared radiative
dissociation (BIRD), has been employed to induce frag-
mentation of trapped ions [35–37]. BIRD and other
thermal methods have the advantage that the internal
energy distribution of the dissociating ion population
can be characterized by a Boltzmann distribution at a
given temperature, provided that energy exchange with
the surroundings is rapid [38]. Consequently, BIRD has
been successfully used for the determination of Arrhe-
nius activation parameters (critical activation energy,
Ea, and the Arrhenius pre-exponential factor) of the
unimolecular dissociation of covalent and non-covalent
bonds in clusters and biomolecules [13–17, 38].
IRMPD of stored ions can induce extensive fragmen-
tation [39–42] without the need to pulse collision gas
into the ICR cell, as required for sustained off-resonance
irradiation collision-activated dissociation (SORI-CAD)
[13, 43]. Consequently, there is no pump-down time
delay. Furthermore, the use of a CO2 laser provides
access to an extended range of internal temperatures, so
that biomolecules stable at the highest accessible BIRD
temperatures, such as melittin, can easily be dissociated
by IRMPD without the time-consuming temperature
equilibration needed for BIRD experiments [44, 45]. The
use of continuous-wave CO2 laser infrared radiation for
ion activation, and successful determination of bond
dissociation energies was introduced by Dunbar in 1991
[46]. In the absence of dissociation reactions, monochro-
matic infrared (IR) laser irradiation can closely approx-
imate the effect of steady-state blackbody irradiation for
small molecules with only a few vibrational modes. It is
essential for the calculation of the activation energy that
a single strongly absorbing vibrational mode at or near
the laser frequency can be considered responsible for
photon exchange in the activated molecule [47, 48]. That
assumption becomes less valid with increasing molec-
ular size, i.e., numerous vibrational modes may absorb
and emit at or near the laser frequency. It is therefore
reasonable to assume that several vibrational modes are
responsible for IR energy exchange in molecular ions of
proteins as shown for, e.g., ubiquitin [44].
On dissociation of the IR-activated ions, the Boltz-
mann distribution is truncated at a threshold energy
above which dissociation is faster than the activation
and deactivation rates [46]. Consequently, the basic
Arrhenius relation, valid in BIRD experiments, cannot
be used for the interpretation of IRMPD data. IRMPD
experiments therefore deliver approximate values of
the activation energy (Ea
laser) and do not provide infor-
mation on the nature of the transition state of the
fragmentation reaction, and a pre-exponential factor
cannot be determined. Dunbar suggested an approxi-
mate relationship between the first order kinetic con-
stant for the examined unimolecular dissociation reac-
tion and the activation energy (Ea
laser) of the reaction (see
eq 1 below) in which a factor, q [46], corrects for the
presence of multiple absorbing vibrational modes near
the laser frequency, responsible for photon exchange.
However, Dunbar’s model, while making correct qual-
itative predictions, underestimates the activation en-
ergy of large molecules measured by laser activation
[44, 45, 49]. Recently, Paech et al. derived an alternative
Figure 1. Structures of the examined compounds: Cationic Re-
ceptor A ([Gua-Val-Val-Val-Amide], Gua  guanidiniocarbonyl
pyrrole) C22H37N8O5
 (as the chloride), anionic tetrapeptide: Sub-
strate B ([N-Acetyl-Val-Val-Ile-Ala]) C21H37N4O6
 (as N[CH3]4

salt), non-covalent Complex C i.e. [A  B  H] C43H75N12O11

(m/z 935.5677).
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approach for the calculation of Ea
laser, especially suited
for large molecules with many oscillators, by IRMPD
(see eq 2, below). Their laser dissociation model differs
from the Dunbar approach in that stimulated and
spontaneous emission at all frequencies are accounted
for in the analysis [45, 49, 50]. Although both equations
have been successfully applied to approximate the
activation energy, Ea
laser, for unimolecular fragmenta-
tion reactions of IR-activated peptide ions, Paech et al.
demonstrated that the Dunbar approach may underes-
timate the activation energy by as much as 40% [45, 49,
50]. Characteristic fragmentation reactions along the
peptide backbone, i.e., of covalent bonds, to give char-
acteristic bn
 and yn
 series confirm the validity of
Dunbar’s IRMPD approach for moderate-size peptide
precursor ions (e.g., bradykinin, [M  H] m/z 1061)
[44]. An activation energy EaI
laser of 1.17  0.1 eV was
calculated by use of eq 1 for the fragmentation of the
molecular ion of bradykinin. That result closely
matched the value, 1.16 eV, obtained from eq 2 by
Jockusch et al. as well as the analog BIRD value of 1.3
0.1 eV [33, 44, 49]. Similarly, Paech et al. examined
leucine enkephaline ([M  H]; m/z 555) by IRMPD,
and found that the Ea
laser value calculated from eq 2 (1.09
eV) accorded well with that obtained by BIRD and the
Arrhenius relation (1.1 eV) [45, 49, 50]. These results
encouraged us to test both temperature/laser power
density relations for the evaluation of the characteristic
fragmentation reaction of a non-covalent complex of
similar molecular size (m/z 935).
The present study constitutes the first IRMPD inves-
tigation of a non-covalent peptide:substrate complex
dissociation. We measure the unimolecular ion dissoci-
ation rate constant, kdiss, of a non-covalent complex ([A
 BH], see Figure 1) consisting of a cationic Peptide
Receptor A ([Gua-Val-Val-Val-Amide], Gua  guani-
diniocarbonyl pyrrole) and the negatively-charged Tet-
rapeptide B ([N-Acetyl-Val-Val-Ile-Ala]). kdiss was
measured as a function of the laser power density Plaser.
From the slope of a plot ln(kdiss) versus ln(Plaser), we
determine the experimental activation energy, Ea
laser, for
the dissociation of this complex to deliver the proton-
ated Receptor Molecule A. In doing so, we achieve a
semi-quantitative approximation of the gas-phase non-
covalent interaction of a supramolecular complex. The
applicability of the IRMPD technique for the examina-
tion of non-covalent complexes is discussed, and eval-
uated, by comparison to reference IRMPD and BIRD
studies for the covalent dissociation of protonated mo-
lecular ions of similar mass, i.e., the peptides, leucine
enkephaline and bradykinin.
Methods
Materials and Compounds
Synthesis of cationic peptide receptor A [Gua-Val-Val-Val-
Amide], Gua  guanidiniocarbonyl pyrrole. Receptor A
was synthesized on Rink amide resin following a stan-
dard protocol. Rink amide resin (400 mg, 0.74 mmol/g,
0.30 mmol) was swollen in dimethyl formamide (DMF)
for 1.5 h. Coupling conditions for the amino acids: 2.5
equivalents of Fmoc protected amino acid (Fmoc 
fluorenylmethyl carbamate); 2.5 equivalents of PyBOP
(benzotriazol-1-yloxy-tripyrrolidinophosphonium hexa-
fluorophosphate) as the coupling reagent, DMF (10 mL)
containing 3% N-methyl morpholine (NMM). The mix-
ture was shaken for 3.5 h to ensure quantitative cou-
pling. The Fmoc-protecting group was removed by
agitation with piperidine in DMF (20%) for 20 min. The
yield was monitored indirectly from UV absorption at
the absorption maximum of the Fmoc-piperidine ad-
duct at 300 nm. Coupling of the 5-guanidinio-carbon-
ylpyrrol-2-carboxylic acid was performed under related
conditions: 2.5 equivalents of carboxylic acid, 2.5 equiv-
alents of PyBOP and DMF containing 5% NMM, and an
elongated reaction period of 24 h [18]. To ensure a
quantitative coupling, the last step was repeated. The
product was cleaved from the solid support by shaking
the resin with a CH2Cl2/MeOH mixture (8/2 vol/vol)
that was saturated with hydrogen chloride for 3 h. The
solvent was evaporated and the remaining oil treated
with dry ether. This procedure yielded 103 mg (0.19
mmol, 64%) of the hydrochloride salt of the Guani-
dinium Compound A in analytically pure form.
Synthesis of anionic tetrapeptide B [N-Acetyl-Val-Val-Ile-
Ala]. The Tetrapeptide B, was synthesized on Wang
resin following a standard protocol. Wang resin (500
mg, 1.11 mmol/g, 0.55 mmol) was swollen in DMF for
1.5 h, and then the first amino acid was coupled to the
resin by use of 2.0 equivalents of Fmoc-alanine, 2.0
equivalents of 1,3-diisopropylcarbodimide (DIC) and
0.1 equivalents of N,N-dimethyl amino pyridine
(DMAP) in a CH2Cl2/MeOH mixture (8/2, vol/vol) for
20 h. The procedure was repeated before the Fmoc
group was cleaved with piperidine in DMF (20%). The
other three amino acids (isoleucine, valine, valine) were
coupled by the following procedure: 2.5 equivalents of
amino acid, 2.5 equivalents of PyBOP in DMF (10 mL)
containing 3% NMM for 4 h. The yield was monitored
from UV extinction of the cleaved Fmoc-piperidine
adduct. The free amino function of the tetrapeptide was
acetylated with acetylchloride (2.5 equivalents in DMF
for 3 h). Cleavage from the resin was performed with a
CF3COOH/CH2Cl2 mixture (1/1, vol/vol) for 2 h. The
solvent was evaporated and the resulting brown oil was
treated with dry ether and an analytically pure white
solid of Tetrapeptide B was obtained (yield 172 mg, 0.39
mmol, 70.3 %).
Generation of complex. The Cationic Receptor Molecule
A and the Anionic Substrate B were dissolved in DMSO
and diluted with methanol to generate an equimolecu-
lar 104 M solution. All reagents were obtained from
Aldrich (Milwaukee, MI) or Novabiochem (La¨ufelfin-
gen, Switzerland) and used as purchased. All solvents
were of HLPC grade (J.T. Baker, Phillipsburg, NJ, USA).
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Mass Spectrometry
104 M solutions (DMSO/methanol) of A and B were
used for all MS experiments. Preliminary MSn measure-
ments were performed in the quadrupole ion trap (QIT)
of a Finnigan MAT 900S double focusing sector field
mass spectrometer with an EB-QIT configuration
(Thermo Finnigan, Bremen, Germany). All FT-ICR ex-
periments were conducted with a homebuilt, passively
shielded, 9.4 tesla ESI FT-ICR instrument [51] config-
ured for mass selective external ion accumulation [52,
53]. The samples were infused at a flow rate of 300
nL/min through a 50 m-i.d. fused-silica microelectro-
spray [54] capillary which had been mechanically
ground to a uniform thin-walled tip [55]. The electros-
prayed ions were transferred into the mass spectrome-
ter through a Chait-style atmosphere-to-vacuum inter-
face [56]. Ions were externally accumulated in a linear
rf-only octapole ion trap for 1–30 s [57]. After accumu-
lation, ions were transferred through multipole ion
guides and captured by gated trapping in an open
cylindrical cell [58]. The isotopic distribution for the
protonated non-covalent Complex C  [A  B  H],
was isolated by a combination of mass-selective exter-
nal ion accumulation and stored waveform inverse
Fourier transform (SWIFT) excitation [59, 60]. The se-
lected ions were then heated by infrared irradiation
with a Synrad (Model 48-2, Mukilteo, WA) 40 W
continuous-wave CO2 laser (  10
6 m) for 1–120 s.
The factory-determined laser beam diameter is 3.5 mm.
A 2.5 beam expander (to yield a beam diameter of 9
mm) was installed to ensure that the IR beam inter-
cepted all of the stored ions in the ICR cell. For the
double resonance experiment, quadrupole- and SWIFT-
isolated [A  B  H] ions were subjected to a 2.55 sec
IRMPD event (laser power density, 7.1 Wcm2), during
which ions of m/z 494.3 were ejected continuously from
the ICR cell by resonant single-frequency dipolar exci-
tation at 291.8 kHz (0.1 Vp-p).
Ions were frequency-sweep (“chirp”) [61, 62] excited
(72 to 720 kHz at 150 Hz/s) and detected in direct
mode (512 k time-domain data points). Five time-
domain data sets were co-added, Hanning apodized,
zero-filled once and subjected to fast Fourier transform
followed by magnitude calculation. The experimental
event sequence was controlled by a modular ICR data
acquisition system (MIDAS) [63]. Because an indirectly-
heated electron emitter for electron capture dissociation
(ECD) is aligned along the central magnetic field axis of
the FT-ICR spectrometer, the CO2 laser is angled off-
axis through a BaF2 window [42].
Unimolecular rate constants were determined for
five laser power densities (2.8, 4.0, 5.6, 7.1, and 8.4
Wcm2). The abundance of the protonated Complex C
[A BH] (m/z 935) was related to the abundance of
the Primary Fragment A (m/z 493), after each of 4–6
irradiation periods ranging from 1 to 120 s.
Results and Discussion
Figure 1 shows the molecular structures of the Cationic
Receptor A and the Anionic Substrate B. Prior to the
present FT-ICR MS experiments, ESI QIT MS conducted
in each of several solvents (DMSO, CH2Cl2, CH3OH,
H2O) showed that A and B form a 1:1 Complex C based
on appearance of the quasimolecular ion [A  B  H]
(m/z 935) and a characteristic fragmentation pattern
(data not shown). Figure 2 shows the ESI IRMPD
FT-ICR mass spectrum of an equimolar mixture of the
Receptor A and the Substrate B following quadrupole
and SWIFT isolation of the isotopic distribution of the
protonated non-covalent Complex C  [A  B  H]
(m/z 935.5677, see inset).
An essential requirement for successful IRMPD de-
termination of Ea
laser for the dissociation of complex, [A
 B  H], is that no fragmentation other than unimo-
lecular dissociation into the molecular components oc-
cur. However, characteristic product ions (an
 and bn
),
corresponding to covalent cleavages (see Figure 3) of
Receptor A, are observed in the IRMPD mass spectrum
shown in Figure 2. The abundance of those product ions
rises with higher laser power density and increased
duration of irradiation. The origin of these low mass
Figure 2. ESI IRMPD FT-ICR mass spectrum of the isolated,
non-covalent, [A  B  H] Precursor Ion C. Irradiation was
performed for 5 s at a laser power density of 7.1 W cm2. The [A
 B  H] ion undergoes unimolecular dissociation to form
abundant A ions. Inset: ESI FT-ICR MS of an equimolar mixture of
the Receptor A and the Substrate B following quadrupole mass
filtering and ICR SWIFT isolation of the precursor ion of the
protonated non-covalent Complex [A BH] C, at m/z 935.568.
Figure 3. IRMPD fragmentation of the molecular ion of the
Receptor A at m/z 493.
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ions becomes evident from a double resonance experi-
ment. During any IRMPD experiment, first generation
product ions, once formed, remain in the path of the
laser beam, so that subsequent secondary fragmenta-
tion of the first generation product ions can occur. It is
not possible to distinguish between the first and subse-
quent generations of product ions based on mass alone.
A double resonance approach establishes the connectiv-
ity between different generations of product ions. Con-
tinuous single-frequency resonant excitation during the
IRMPD event results in prompt and continuous ejection
of ions of the corresponding m/z ratio. Newly formed
product ions are therefore removed before they can be
activated and dissociated by infrared irradiation,
thereby eliminating formation of secondary product
ions from that precursor.
Here, we need to establish whether the an
 and bn

product-ions of Receptor A (m/z 493) observed during
IRMPD of the non-covalent complex, [A  B  H],
arise from secondary fragmentation of A, or from
covalent cleavages within the complex. Continuous
ejection of ions of m/z 493 during IRMPD of [A  B 
H] (see Figure 4) eliminates an
 and bn
 ions from A,
confirming that the presence of those ions in Figure 2
results from secondary fragmentation of A ions pro-
duced by primary IRMPD of the complex, and not from
primary covalent cleavage within the [A  B  H]
complex itself. The binding energy of this supramole-
cluar complex may thus be determined by use of the
IRMPD technique. Only in cases for which the strength
of the non-covalent interactions reaches, or exceeds, the
strength of covalent bonds, as indicated by substantial
primary covalent fragmentation processes upon irradi-
ation, can the IRMPD data no longer be associated with
the strength of the non-covalent interactions.
The ability to isolate a particular dissociation path-
way distinguishes the present example substantially
from prior IRMPD and BIRD investigations of, for
example, peptides, for which multiple covalent bonds
were broken to give yn
-, bn
-series of product ions [33,
44, 45, 49, 50]. In those examples, similar gas phase
basicities and thus similar activation energies for disso-
ciation) at different sites along the peptide backbone
make it difficult to distinguish the different dissociation
reactions [64–66]. Consequently, successful selection of
a single covalent bond fragmentation channel, even if
possible, demands exceptional structural prerequisites
and an adequate slow heating ion activation method
such as IRMPD (characterized by multiple transfer of
small packets of activation energy [67]).
The clean fragmentation behavior of the non-cova-
lent complex, [A  B  H] (m/z 935) allows us to
examine its unimolecular fragmentation in the gas-
phase by IRMPD. Figure 5 shows plots of the natural
logarithm of the relative abundance of the protonated
complex, [A  B  H] (m/z 935), versus laser irradia-
tion period for each of five indicated laser power
densities. The first-order rate constant for the dissocia-
tion of complex, kdiss, was obtained by a linear fit to each
plot. Figure 6 shows a plot of the natural logarithm of
kdiss versus the natural logarithm of the laser power
Figure 4. Double resonance experiment: Molecular ions of the
Receptor A (m/z 493) are continuously ejected from the ICR cell
during IRMPD of [A  B  H] (m/z 935). The absence of any
fragment ions from A in this spectrum shows that such product
ions formed during IRMPD of the Complex C, in Figure 2 must
result from secondary fragmentation of A (see Figure 3), and not
from primary covalent bond cleavage within the [A  B  H]
complex.
Figure 5. Natural logarithm of the abundance of the protonated
Complex [A  B  H] C, (m/z 935) relative to the abundance of
the primary Fragment A (m/z 493), versus laser irradiation period,
for each of five indicated laser power densities.
Figure 6. Natural logarithm of the first-order dissociation rate
constant, kdiss [s
1], versus the natural logarithm of the laser power
density, (plaser) [Wcm
2] for the protonated Complex [A  B 
H] (m/z 935). The slope of the line yields the activation energy for
the unimolecular dissociation (y  5.50x 12.39; see eq 1 and eq 2).
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density. The slope of that line is the basis for the
calculation of the activation energy Ea
laser by either of the
following two approximations proposed by Dunbar (eq
1) and Paech et al. (eq 2):
EaI
laser  
d In kdiss
d 1/kBT
 qhv
d In kdiss
d In Plaser
(1)
EaII
laser  s  kB
dInKdiss
dInPlaser
(2)
In eq 1, Ea1
laser is the activation energy (eV), q is the
partition function for the vibrational mode that absorbs
the incoming radiation, h is Planck’s constant, v is the
laser frequency, kdiss is the first-order dissociation rate
constant, Plaser is the laser power density (W cm
2), and
kB is the Boltzmann constant (J K
1). Because q varies
slightly with temperature between 1.01 and 1.1, an aver-
age value of 1.05 was chosen for the maximum expected
range of internal temperature (280–580 K) [33, 44].
Eq 2 is based on the assumption that the internal
energy distribution for non-dissociating populations of
large precursor ions with a sufficiently high number of
oscillators e.g.,500 Da [45] activated by IR irradiation,
can be considered Boltzmann-like and therefore com-
plete thermal equilibration is achieved. For large mole-
cules for which the exchange rate of photons is essen-
tially faster than the rate of dissociation, and a major
part of the stimulated and spontaneous emission is
transmitted by all vibrational modes and frequencies,
Paech et al. derived a linear relationship between the
logarithm of the laser power and the reciprocal of the
ion internal temperature with a proportionality factor,
in units of Kelvin, denoted s. The substitution in the
Arrhenius relation yields the desired relationship be-
tween the unimolecular dissociation rate constant (kdiss)
and the laser power density (Plaser) given in eq 2 [45].
Thus, s is a broad average over the entire absorption
and emission spectrum of a specific ion. Paech et al.
further state that s will be generally applicable for the
analysis of laser dissociation data of ions of a given
class, (e.g. peptides, oligonucleotides), once the appro-
priate value of s has been established. For linear poly-
mers such as proteins and peptides, an average value of
s  2369 K was calculated. The magnitude of error for
EaII
laser was not estimated by Paech [45]. Based on the two
approximations proposed by Dunbar and Paech et al.,
we calculate the activation energy Ea
laser for the non-
covalent dissociation of the Peptide Complex C: EaI
laser
0.67 eV (eq 1) and EaII
laser  1.12 eV (eq 2). Due to the
variability of the experimental data and the uncertainty
in q (eq 1), an overall error limit of 10% is estimated
for EaI
laser [33, 44]. Values for Ea
laser calculated from eq 1
and eq 2 clearly differ by more than 10%. However, for
covalent fragmentation of linear peptide molecular ions
in the mass range of 500–8600 Da, Paech et al. found
discrepancies of the same order of magnitude between
the Ea
laser values determined by eq 1 and eq. 2 [45]. It is
interesting to address the question of the effect of the
non-covalent nature of the complex on the applicability
of Eq 1 and Eq. 2. Weak non-covalent hydrogen bonds
with bond strength 5% of a single covalent bond are
less effective for internal energy dissipation of the
applied IR laser energy because of their lower frequen-
cies. The special nature of the hydrogen bonds and their
impact on the energy distribution of the activated
non-covalent complex precursor ions may therefore
strongly influence the s factor.
We believe that the lower value obtained from eq 1 is
more reasonable in this case. Ea
laser calculated from eq 2
is larger than would be expected for fragmentation of
this non-covalent complex. The exclusive dissociation
upon IR radiation of the non-covalent interaction of
Complex C, to deliver the protonated receptor product
Ion A. is confirmed by the double resonance experi-
ment. The non-covalent interactions within the complex
must therefore be significantly weaker than the covalent
bonds in the constituent molecules. Prior IRMPD stud-
ies have shown that activation energies for the covalent
dissociation of singly-protonated molecular ions of
leucine enkephaline and bradikinin are in the range,
1.1–1.3 eV [45]. If the activation energy value for the
fragmentation of the non-covalent bonds EaII
laser  1.12
eV is correct, fragments generated by covalent bond
cleavages within the peptide should have been ob-
served as well. Although the absolute value of Ea
laser
must be considered an approximation, the relative or-
dering of activation energies of structurally similar
non-covalent compounds is justified.
Conclusions and Future Directions
The present study constitutes the first IRMPD investi-
gation of a non-covalent peptide:substrate complex
dissociation. We selected quasimolecular [A  B  H]
ions of a non-covalent complex consisting of a model
Receptor Molecule A [Gua-Val-Val-Val-Amide], and a
derivatized Tetrapeptide Substrate, B [N-Acetyl-Val-
Val-Ile-Ala]. The unimolecular fragmentation behav-
ior of the precursor ion, [A  B  H], obeys first order
kinetics following IR irradiation. Although the temper-
ature/laser power density relation is not completely
understood, a semi-quantitative approximation for the
activation energy, Ea
laser, of a protonated peptide:sub-
strate complex of moderate molecular size (935 Da) was
calculated. Calculation of the activation energy, Ea
laser,
from two theoretical models (Eq. 1 and Eq. 2) gave
differing values of EaI
laser  0.67 eV and EaII
laser  1.12 eV.
Eq 1 considers that a single vibrational mode at the laser
frequency is responsible for IR energy exchange. Eq 2,
which considers energy exchange by several oscillators,
appears to overestimate Ea11
laser. Both equations represent
approximations to the “true” Arrhenius activation en-
ergy. The presence of several hydrogen bonds and their
influence on energy dissipation within the complex may
limit the validity of the proposed relationships. Additional
theoretical modeling calculations are in progress to
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determine the most probable range for the dissociation
energy of the gas phase structure of Complex C.
Although values for Ea
laser are approximate, it is reason-
able to assume, that IRMPD has the potential to determine
a relative ordering of activation energies, Ea
laser, for analo-
gous fragmentation reactions of closely related deriva-
tives. A series of new model complexes comprised of
structurally related synthetic receptor and substrate
molecules has been synthesized for that purpose.
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